Human movement is characterized by muscular and nonmuscular forces acting in concert to achieve the desired movement outcome. To produce skillful and efficient movement we exploit nonmuscular (inertial and gravitational) forces by matching muscular forces appropriately (25) . Children acquire this ability to match muscular to nonmuscular forces, as they grow older (10, 12, 26) . Acquiring the ability to take advantage of nonmuscular forces might require the performer to recruit their muscles more efficiently (25) .
Age-related differences in the strategy of matching muscular to nonmuscular forces, however, are not always due to the maturation of the neuro-motor system. They can also be functional adjustments in response to changes in anthropometry. The reason for this is that during dynamic movements, gravitational, and motiondependent forces are directly related to the anthropometry of the performer. If nonmuscular forces change as a result of differences in anthropometry, muscular adjustments are necessary if the resultant force to be produced is the same.
As children grow older, absolute and relative changes in anthropometric characteristics occur simultaneously. Increases in absolute mass and height have been well documented (1, 4) . From the literature, we know that absolute changes in anthropometric characteristics affect the distribution between muscular and nonmuscular forces. Brown and Jensen (3) , for example, showed that adding mass to children's limbs results in a more adult-like distribution between the muscular and nonmuscular component of the pedal reaction force during pedalling.
Relative changes in anthropometry include changes in relative segmental mass proportions, radii of gyration, and relative center of mass locations. These parameters change in a nonlinear fashion as children grow older (13) (14) (15) 24, 28) . The effect of relative changes in anthropometry on the force distribution between muscular and nonmuscular forces during daily motor tasks is not well understood. Jensen (15) and Ganley and Powers (8, 9 ) provide a first step toward a better understanding this effect. These authors replaced children's anthropometric characteristics by those of adults and determined the effect on muscular torques during jumping and walking, respectively. Although these studies investigated the appropriateness of adult anthropometric parameters regarding the estimation of muscular torques in children, they did not specifically determine how age-related changes in relative anthropometric characteristics require children to adjust muscular forces to account for changing nonmuscular forces.
Knowing the effect of changes in relative anthropometric characteristics on muscular power production during childhood will help researchers in interpreting age-related differences in muscular power production more accurately. If observed differences in muscular power production can be attributed to changes in anthropometry, they can be interpreted as functional adjustments. If they cannot be attributed to differences in anthropometry, they might be attributed to the maturation of the neuro-motor system. This information, in turn, might be relevant for clinicians or teachers who are seeking to create effective interventions for children who are affected by developmental delay.
Therefore, the purpose of this study was to determine the effect of relative anthropometric changes during childhood on muscular power production during pedaling. A secondary purpose of this study was to determine the dependence of this effect on movement speed. For a given movement, the motion-dependent forces increase as movement speed increases. Thus, we hypothesized that the effect of changes in relative anthropometry on the distribution between muscular and nonmuscular forces would be more pronounced at high compared with low movement speeds. In this study, we used pedaling as the task to be studied because it is ecologically valid, and the kinematics and required forces are easily controllable in experimental settings.
Methods

Experimental Data
Experimental data from six adults (3 male; 3 female) were used in this study (height: 176.5 ± 3.9 cm; mass: 67 ± 12 kg; age: 26.3 ± 3.9 years). All procedures were approved by the local Institutional Review Board, and all participants signed informed consent before participation. During the testing protocol, the participants rode a stationary ergometer at 60 rpm and 120 rpm at 10% of their predicted instantaneous peak power (resulting in an average power output of 99 ± 21 W). Instantaneous peak power was estimated from lean thigh volume (17) . This percentage of predicted peak power was chosen because it has been used in developmental research and it has been shown that children can successfully perform the task at this power output (11, 16) .
Kinematic data were collected using a 5-camera Vicon 250 system (Oxford Metrics, UK). Three reflective markers were placed on the pedal. Markers were also placed on the 2nd metatarsophalangeal joint, the lateral malleolus, the lateral femoral epicondyle, the greater trochanter, and the anterior superior iliac spine (ASIS). The coordinate data were sampled at 60 Hz and low-pass filtered by means of a 2nd order Butterworth filter with zero phase lag. The cut-off frequency was set to 10 Hz. The hip joint center was estimated using the coordinates of the greater trochanter and the ASIS, as described by Neptune and Hull (18) . The 2-dimensional absolute angles of the foot, shank, and thigh were calculated, using the coordinate data. The corresponding angular velocities and accelerations were obtained by spline fitting and analytical differentiation of the angular positions.
Force data were collected using a custom-designed force pedal with two piezo electric force transducers (Kistler, model 9251AQ01). Force data were sampled at 600 Hz and filtered using a low-pass 4th order Butterworth filter with zero phase lag. The cut-off frequency was set to 20 Hz. The force data were then down-sampled to match the kinematic data. Using the pedal angle obtained from the coordinate data, the forces were transferred from the reference frame of the pedal into the inertial reference frame. For each participant and at each cadence, all of the experimental data were averaged across five revolutions.
Forward Dynamics Simulation of Pedaling
A planar model of two-legged pedaling was developed (6) . The positions of the crank axis of rotation and the hip joint were fixed in the inertial reference frame. Each leg was modeled as a five-bar linkage. Therefore, the model possessed three degrees of freedom (right and left thigh angles and crank angle). The foot and shank angles of the right and left legs were constrained to satisfy the configuration constraint equations. The corresponding angular velocities and accelerations were constrained to satisfy the kinematic constraint equations. The model was driven by muscular torques at the hip, ankle, and knee joints, and produced kinematics and forces similar to those created by experienced cyclists. The bicycle drive dynamics were modeled using an effective resistive load and an effective inertial load (7) . The effective load was determined using the frictional resistance applied to the flywheel. The inertial load was set to 5.2 kg · m 2 (7) . Feedback linearization was used to minimize the difference between simulated and experimental data (16, 27) .
Modification of Anthropometric Characteristics
Anthropometric characteristics were obtained from Jensen (15) . The anthropometric characteristics of the adult models were scaled to the dimensions of children of three different ages (5, 7.5, and 10 years of age). Based on each adult model, 10 models with children's dimensions were created for each modeled age group. This resulted in a total of 60 modeled children in each age group.
Body mass and the external resistance to be overcome were scaled by the same factor (S M ), because in developmental experiments using pedaling as a task, resistance is commonly scaled with respect to factors that are proportional to mass (2, 3, 11) . The scaling factors S M for different age groups were chosen to match the body mass of the 50th percentile of children of 5, 7.5, and 10 years of age. The S M values were determined using the growth charts published by the Centers for Disease Control and Prevention (4). The body masses for boys and girls of the relevant ages were determined and averaged. These were determined to be 18 kg, 24 kg, and 32 kg, for 5-, 7.5-, and 10-year-old children, respectively. The scaling factors S M were found based on these hypothetical masses and the masses of the participants.
Segment lengths were scaled using dimensionality theory. Dimensionality theory assumes that the growth rate of a specific anthropometric parameter depends on its Euclidean dimension (23) . In particular, measures of length are one-dimensional, and measures of mass are three-dimensional. If lengths are scaled by a scaling factor S L and masses are scaled by a scaling factor S M , the following relationship holds:
which is equivalent to
Therefore, S L was determined using Eq (2). Mass proportions, the segmental center of mass locations, and the radii of gyration were modified according to the regression equations presented by Jensen (15) and scaled to the dimensions of children of 5, 7.5, and 10 years of age. The differences in the power production between the modeled age groups reflected the nonlinear differences in anthropometry (segmental mass proportions, center of mass locations, radii of gyration, and segment lengths).
To account for within group variability in anthropometry and for measurement errors in anthropometric characteristics (15) , the relative mass proportions, center of mass locations, and radii of gyration were randomly varied within ±3 times of the standard error reported for each polynomial regression equation (15) for each modeled age group. Based the adult models, we created 60 hypothetical participants in each age group. The random variations in anthropometrics were independent for each modeled participant. Within group means of anthropometric data are shown in Table 1 . The modeled 5-year-olds are referred to as "anthro-YC" (representing the anthropometry of younger children), the 7.5-year-olds as "anthro-OC" (representing the anthropometry of older children), and the 10-year-olds as "anthro-PA" (representing the anthropometry of preadolescents). Forward dynamics simulations were run for each modeled participant at each cadence (resulting in a total of 360 simulations-3 age groups, 60 group members, 2 cadences).
Dependent Measures
In pedaling, two mechanisms are responsible for muscular power generation to the crank (6, 16, 20) : (a) direct muscular power generation to the crank, which is mainly achieved by the muscles spanning the knee joint; (b) indirect power transfer to the crank through segmental power transfer which is achieved by intermuscular synergies. During each forward dynamics simulation, the following power contributions were determined (6): (a) the power contribution of all the muscles on the ipsilateral side of the body to crank power and (b) the power contribution of all the muscles on the ipsilateral side of the body to the power of the limbs. The muscular power contribution to crank power was found by setting to zero the masses and moments of inertia of the limbs at each time step; the muscular power contribution to limb power was found by setting to zero the mass and inertia of the crank (6). Using analogous methods, the muscular contribution to limb power was further decomposed into the individual joint (hip, knee, and ankle) power contributions to limb power.
To allow for meaningful comparisons between age groups, all power profiles were normalized by the average muscular crank power over the entire crank cycle. Each normalized power contribution was averaged across four regions of the crank cycle (19) : (a) extensor (EXT: 337° to 134° of the crank cycle); (b) flexor (FLEX: 149° to 324° of the crank cycle); (c) top (TOP: 241° to 35° of the crank cycle); (d) bottom (BOT: 72° to 228° of the crank cycle). These regions are of interest because they represent different functional requirements of the nervous system necessary to achieve the goal of the pedaling task (21) . Raasch and Zajac (21) demonstrated that each of these regions is associated with the activation of different muscle groups. 
Statistical Analysis
Before the statistical analyses of the dependent variables were performed, the validity of the model was verified by determining the difference between the angular positions, velocities, and pedal reaction forces of the forward dynamics simulation and those that were obtained experimentally. The tracking error was quantified by calculating the relative root mean squared deviation between simulated and experimental data profiles (Eq. 3). %
where Yexp i is the experimentally obtained data profile at the i th sample Ysim i is the simulated data profile at the i th sample n is the number of samples of each profile. For each simulation, the error was quantified for joint angles and angular velocities, as well as the vertical and horizontal components of the pedal reaction force of the ipsilateral side.
Age × Cadence ANOVAs with repeated measures were performed for each region of the crank cycle and each dependent variable. By assessing the main effects for age, we tested the hypotheses relating to age-related differences in muscular power contributions to crank power and limb power. By assessing the Age × Cadence interaction we tested the hypothesis with regard to the dependence of the age effect on movement speed.
If an age main effect was significant, post hoc t tests (Student Newman-Keuls) were performed for the corresponding dependent variable. If the Age × Cadence interaction was significant, follow up one-way ANOVAs were performed at each cadence. In case of a follow up ANOVA being significant, post hoc t tests (Student Newman-Keuls) were performed to locate the differences. In addition, we used effect sizes to describe pairwise comparisons. For all statistical tests, the type I error was set to .05.
Results
Model Verification
The feedback linearization algorithm created simulations that closely tracked experimental data. On average, the relative root mean squared errors in angular positions and velocities, as well as the horizontal and vertical components of the pedal reaction force were smaller than 2%. For all modeled participants, the average tracking errors were 1.2% and 1.8% at 60 rpm and 120 rpm, respectively. The experimental and simulated force profiles with the greatest error (7.7%) are shown in Figure 1 .
Effect of Differences in Anthropometry on the Muscular Contribution to Crank Power and Limb Power
Age-related differences in anthropometry did not affect the muscular contribution to crank power (Figure 2 ). During all regions of the crank cycle, the main effect for age on the muscular contribution to crank power was nonsignificant (Table 2) .
Age-related differences in anthropometry had a significant effect on the muscular contribution to limb power ( Figure 3) . During all regions of the crank cycle, the main effect for age on the muscular contribution to limb power was significant (Table 2) . Post hoc-tests revealed that during EXT and BOT, muscular power absorbed from the limbs increased significantly with an increase in age. During FLEX and TOP, muscular power delivered to the limbs increased significantly with increasing age. During all regions of the crank cycle, all age groups differed significantly from each other.
Interactive Effect of Anthropometry and Cadence on Muscular Power Contributions to the Crank Power and Limb Power
The Age × Cadence interaction for the muscular contribution to crank power was nonsignificant during all regions of the crank cycle ( Table 2 ). The Age × Cadence interaction for the muscular contribution to limb power was significant during BOT only (Table 2) . Follow-up ANOVAs that were performed at each cadence revealed that the age effect was significant at both cadences during BOT. Posthoc t tests revealed that during this region of the crank cycle, at each cadence the observed age effects were identical to those observed for the main effect for age. We used effect sizes to understand the somewhat contradictory outcomes with respect to the significant Age × Cadence interaction and the similarities in the age-effects across cadences during BOT. The effect sizes describing the difference between two age groups were also similar across both cadences. The effect sizes describing the anthro-PA-anthro-OC comparison were 0.57 and 0.68 at 60 and 120 rpm, Note. The analyses were performed on the muscular contributions to crank power (Mus2Crank) and to limb power (Mus2Limbs) during the extensor, flexor, top, and bottom regions of the crank cycle.
respectively. For the anthro-PA-anthro-YC comparison, the corresponding effect sizes were 1.33 and 1.55 at 60 and 120 rpm, respectively, while the corresponding effect sizes for the anthro-OC-anthro-YC comparison were 0.71 and 0.81. As during the remaining regions of the crank cycle, the Age × Cadence interactions were nonsignificant, we conclude that the age-effect was similar across cadences.
Individual Joint Power Contributions to Limb Power
The observed age-group differences in the muscular power contribution to limb power raise the question of which muscles contribute to these differences. In an additional analysis we quantified how individual joint powers contributed to the age-group differences in the muscular contribution to limb power, bearing in mind that the muscular contribution to limb power is the sum of the muscular power contributions at the ankle, knee, and hip joints. As the effect of age-related differences in anthropometry on muscular power to limb power was independent of cadence, we pooled the two cadence conditions. We then quantified the relative individual joint power contributions as a percentage of the differences in the total muscular power contribution to limb power of each pairwise age group comparison. Table 3 shows the relative contribution of the ankle, knee, and hip joint power to the age group differences as a percentage of the overall muscular contribution to limb power during each region of the crank cycle. During the regions in which the modeled older children generated more power to the limbs than the modeled younger children (FLEX and TOP), the age-group differences in the muscular power contributions to the limbs were almost exclusively caused by the power generated at the hip joint (88-144%, see Table 3 ). The fact that, for most comparisons, the hip power contribution is greater than 100% is because at the knee and ankle joints the age effects were reversed (but not as large) when compared with the hip joint.
During the regions in which the modeled older children absorb more power from the limbs than the modeled younger children (EXT and BOT), the hip and knee joint powers were the main contributors to the age group differences in the muscular power contribution to limb power. During EXT, the knee joint power contributed between 85% and 109% to the age group differences. During BOT the Note. The values are given as a percentage of the difference in the total muscular power contribution to limb power between two age groups (anthro-PA = preadolescents; anthro-OC = older children; anthro-YC = younger children). Because the muscular contribution to limb power is the sum of hip, knee, and hip power contributions, the sum of the values in each row is 100%.
hip joint power contributed between 63% and 81% (Table 3) . During all regions, the ankle power contributed relatively little to the age group differences.
Discussion
The purposes of this investigation were to (a) determine the effect of differences in relative anthropometric characteristics during childhood on muscular power production and (b) the dependence of this effect on movement speed. The results demonstrate that, changes in relative anthropometry during childhood result in a need to differently match muscular to nonmuscular power during pedaling. Contrary to our hypothesis, the magnitude of this effect was independent of movement speed.
The effect of anthropometry on muscular power production was only revealed in muscular power contribution to limb power-not in muscular contribution to crank power. These results demonstrate that the amount of energy generated to and absorbed from the limbs increases with increasing age as a result of differences in anthropometry. During FLEX and TOP, older children's muscles spanning the hip joint deliver more energy to the limbs compared with younger children. During EXT and BOT, older children's muscles spanning the knee and hip joints absorb more energy from the limbs when compared with younger children. Bearing in mind that the amount of energy that is transferred to the crank indirectly via the limbs is indicative of the intermuscular synergy (6,16), we can conclude that agerelated differences in anthropometry require an increased use of the intermuscular synergy via segmental energy transfer with increasing age.
Our findings will help researchers to interpret observed age-related differences in muscular power production during pedaling more accurately. If, for example, age-related differences in the muscular contribution to crank power are observed during cycling, the possible influence of differences in anthropometry is negligible. If on the other hand, age-related differences in the muscular contribution to limb power are observed, caution must be taken when attributing these differences to the maturation of the neuro-motor system because of anthropometry being a possible confound. This information, in turn, might be useful to clinicians or teachers who seek to create interventions for children with developmental delay.
Results from previous research suggest an effect of relative changes in anthropometric characteristics on muscular power production (8, 9, 15) . Our results confirm these findings. They thereby demonstrate that care must be taken when choosing appropriate anthropometric parameters for biomechanical models and simulations, as estimates of muscular power can be sensitive to the anthropometric parameters of the model. Our findings add to the literature by determining the practical relevance of the dependence of muscular power production on changing anthropometrics in a developmental context. In contrast to previous studies (8, 9, 15) , we changed the anthropometric parameters of our model with the aim of quantifying anthropometrydriven changes in muscular power production between 5 and 10 years of age. In addition, we introduced within-group variability in anthropometric characteristics, which allows us to draw conclusions with regards to the meaningfulness of the observed differences in muscular power production.
Our results demonstrate that changes in anthropometry require adjustments in the power production by the proximal (i.e., hip and knee) muscle groups. This finding confirms experimental results from Brown and Jensen (3) who found that adding mass to children's limbs results in muscular adjustments by the proximal muscles of the lower limbs. Thus, we can conclude that not only absolute changes in anthropometry but also relative changes require children to make muscular adjustments using their proximal muscles.
Although nonmuscular forces increase with increasing movement speed, we found the effect of age-related changes in anthropometry on muscular power production to be independent of cycling cadence. A possible explanation for the missing interaction is that the range of tested movement speeds was too small to elicit significant statistical effects. However, by assessing the effect of anthropometry on muscular power production at 60 rpm and 120 rpm, we covered the range of speeds that children typically cycle at (5, 11, 16) . We know that within this range of cadences, children's intermuscular synergies are weaker than those of adults when adapting to changes in movement speed (5, 16) . Thus, our results suggest that differences in anthropometry do not contribute to the previously observed age-related improvements in the neuromuscular synergies across movement speeds.
In conclusion, differences in relative anthropometric characteristics significantly influence the need to match muscular to nonmuscular forces during pedaling. These effects are only revealed in the muscular contribution to limb power-not in the muscular contribution to crank power-and they are independent of movement speed. Muscular adjustments by the proximal joints are necessary to account for anthropometry-driven changes in the force construction of pedaling. Our findings demonstrate that age-related differences in muscular power production are not necessarily because of the maturation of the neuro-motor system, but can also be functional adjustments in response to changing body size. They thereby provide researchers with useful information to interpret observed age-related changes in muscular power production more accurately.
